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A fiber optic extensometer based on a scanning white light Michelson interferometer is presented.
The instrument employs a light emitting diode as the light source and a single mode fiber with
predetermined gauge length as the extensometer sensor head. Light to and from the sensor head is
transmitted through a single mode lead ~i.e., in/out! fiber. The sensor performance is insensitive to
the in/out fiber extensions. The fiber optic extensometer was applied to measure the compression
and tension of concrete specimens. The measurement results compare well with that from a
conventional extensometer. © 2002 American Institute of Physics. @DOI: 10.1063/1.1445862#I. INTRODUCTION
Fiber optic sensors have been widely studied because of
their well-known advantages such as immunity to electro-
magnetic interference, ability to operate in hostile environ-
ment, high sensitivity, and potential for multiplexing.1 The
small dimension and high mechanical strength of the glass
optical fibers also enable them to be used as embedded sen-
sors for concrete2 or other composite materials.3
This article reports an optical fiber extensometer instru-
ment for the measurement of concrete deformation. The ex-
tensometer is based on a scanning white light Michelson
interferometer. The basic principle of the technique will be
presented in Sec. II; an analysis on the signal intensity is
given in Sec. III. Strain transfer from concrete to fiber is
discussed in Sec. IV, and test results on concrete specimens
with surface mounted and embedded sensors are presented in
Sec. V.
II. MEASUREMENT PRINCIPLE
Figure 1 shows the instrument configuration of the ex-
tensometer. The system is basically a modified fiber optic
Michelson interferometer with a sensing arm and a reference
arm connected to the two ports of a 232 directional coupler.
The sensing arm consists of a lead in/out fiber and a sensing
fiber region defined between the two reflectors as shown in
Fig. 1. The reference arm consists of a fiber coupler loop, a
collimator lens, and a scanning reflecting mirror. The coupler
loop generates reference signals of multiple optical paths that
are used to match the signals from two reflectors. The
Michaelson interferometer is powered by a broadband light
emitting diode ~LED!, and the output signal from the inter-
ferometer is detected using a PIN photodetector connected to
a personal computer for further signal processing. Interfero-
a!Electronic mail: lbyuan@vip.sina.com2460034-6748/2002/73(6)/2469/6/$19.00
Downloaded 07 Mar 2012 to 158.132.161.52. Redistribution subject to AIP metric signals are generated when the scanning mirror is at
positions where the optical path length of a reference signal
is matched to a signal reflected from one of the reflectors.
The difference in the positions of the scanning mirror is then
equal to the sensing gauge length that is sensitive to defor-
mation or strain applied to the sensing fiber.
The detailed principle can be explained by using the dia-
grams shown in Fig. 2. Light from the LED is split into two
beams of approximately equal intensity by the coupler, one
into the sensing arm and the other the reference arm. Light in
the sensing arm propagates along the lead fiber of length L1
and then further into the sensing region of length L0 . During
propagation, two reflected signals are generated. One from
the joint between the lead and the sensing fiber ~reflected
signal 1!, the other from the far end of the sensing fiber
~reflected signal 2!. The two reflected signals return to the
photodetector ~PD! through the same lead fiber and the di-
rectional coupler. The optical paths experienced by the two
reflected signals are, respectively, 2L1n and 2L1n12L0n ,
where n is the effective refractive index of the guided mode
in the optical fiber.
Light in the reference arm is guided through a fiber cou-
pler loop, a graded index ~GRIN! collimator lens, to a mirror
mounted on a scanning translation stage where light is re-
flected. The reflected light returned, through the same fiber
path, to the photodetector. The length of the reference arm
excluding the coupler loop is L2 while the couple loop length
is L. The use of the coupler loop generates multiple reference
beams with corresponding path length
2L2n1iLn12X , ~1!
where i50,1,2,... is the number of light circulation through
the coupler loop. X is the gap distance between the GRIN
lens and the mirror. If L2 and L are chosen, respectively, to
be approximately equal but slightly shorter than L1 and L0 ,
the optical path lengths of the reference signals can then be9 © 2002 American Institute of Physics
license or copyright; see http://rsi.aip.org/about/rights_and_permissions
2470 Rev. Sci. Instrum., Vol. 73, No. 6, June 2002 Yuan et al.FIG. 1. Instrument configuration of the fiber optic
extensometer.matched to that of the reflected signals from the sensing arm
by slightly adjusting the mirror position ~i.e., the value of X!.
White light interferometric patterns are then generated
around the matching positions. The first interferometric pat-
tern, corresponds to the path length match of the first re-
flected signal from the sensing arm to that of the first refer-
ence signal, i.e., i50 in Eq. ~1!. The central fringe, which is
located in the center of the fringe pattern and has the highest
amplitude, corresponds to the exact optical path matching
and is given by
2L1n52L2n12X1 . ~2!
Similarly, the second interferometric pattern is generated
when the mirror is tuned to a position X5X2 where the
optical path length of the reflected signals from the far end is
matched to that of the reference beam that travels through the
reference fiber L2 and the coupler loop length L twice. The
exact path length matching is given by
2L1n12L0n52L2n12Ln12X2 . ~3!Downloaded 07 Mar 2012 to 158.132.161.52. Redistribution subject to AIP Using Eqs. ~1! and ~2!, we obtain
nL02nL5~X22X1!5DX . ~4!
Here, DX5(X22X1) is the difference between the two mir-
ror positions corresponding to the two path-length matches.
It can be seen that DX is independent of lead fiber, this is
because the two reflected signals from the two ends of the
gauge travels through the same lead in/out fiber, and the
differential measurement removes the effect of the lead fiber
and thus the effect of environmental variation on the lead
fiber. This fact is important because the lead fiber can be
made arbitrarily long for remote interrogation without intro-
ducing any degradation to the system performance. Because
the optical path length of the coupler loop L can be preserved
as constant by isolating it from strain and temperature, any
variation in optical path length of the sensing fiber (nL0) can
then be deduced from the measured value of DX . If fiber
gauge length L0 is made approximately equal to that of the
coupler loop length L, the scanning distance between the twoFIG. 2. Measurement principle of the fiber optic exten-
someter.license or copyright; see http://rsi.aip.org/about/rights_and_permissions
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short. This avoids the use of a long-range translation stage
and thus results in a lower cost system. The short scanning
distance also allows a faster system to be built, compared
with the conventional white light systems where a large
scanning range is usually required. The gauge may be de-
signed to have an arbitrarily long length, as long as a similar
length of fiber is used to form the couple loop, without the
need to increase the scanning range.
If the sensing fiber is embedded within a concrete struc-
ture, as the structure deforms, the optical path of the sensing
fiber will vary due to the physical length extension ~or com-
pression! and the change of refractive index of the fiber. The
change in optical path length may be expressed as
d~DX !5ndL01dnL0 . ~5!
The first term dL0 in Eq. ~5! represents the physical length
change and is directly proportional to the axial strain («fiber)
applied to the sensing fiber through the expression
dL0~«fiber!5L0«fiber . ~6!
The second term in Eq. ~5! is the change in optical path due
to a change in the refractive index of the fiber core, which is
given by4
dn52 12n
3@~12m!p122mp11#«fiber , ~7!
where m and pi j are, respectively, the Poisson’s ratio and the
elements of the strain-optic tensor of the fiber material.
Substituting Eqs. ~6! and ~7! into Eq. ~5!, we obtain the
optical path length variation of the sensing fiber as
d~DX !5nL0«fiber2
1
2n
3@~12m!p122mp11#L0«
5neffL0«fiber
5neffDL0 ~8!
with
neff5$n2
1
2n
3@~12m!p122mp11#%. ~9!
For the silica materials at wavelength l51300 nm, n
51.46, m50.25, p11’0.12, p12’0.27,5 giving neff’1.19.
III. SIGNAL INTENSITY ANALYSIS
It has been shown in Sec. II that the extensometer is
based on the measurement of the positions of the scanning
mirror corresponding to the peaks of the white light inter-
ferometric fringe patterns. The peak intensities of the fringe
patterns depend on the strength of the signals reflected from
the sensing and the reference arms. In this section, we
present the relation between peak intensities of the fringe
patterns and the system parameters.
A. Reflected signals from the sensing arm
Assume that the light intensity from the LED source
coupled into the optical fiber is I0 , and the couplers used are
50/50 couplers. Then the light intensity coupled into the
sensing arm is I0a/2. Here a represents the insertion loss of
the coupler and is defined as a510(d/10), where d is the
insertion loss of the coupler in dB. The intensities of the
reflected light signals at the PD may be expressed asDownloaded 07 Mar 2012 to 158.132.161.52. Redistribution subject to AIP H ID~1 !5I0a2R f /4ID~2 !5I0a2~12R f !2R f /4, ~10!
where ID(1) and ID(2) represent, respectively, the reflected
light intensities from the end of the sensing fiber that joints
with the lead fiber and from the far end of the sensing fiber.
The reflectivity of the two ends are assumed, for simplicity,
to be the same and equal to R f . Under the condition of
perpendicular incidence for the polished fiber end surface,
the reflectivity is given by
R f5S n21n11 D
2
. ~11!
In fact, the received light intensities are less than that given
in Eq. ~10! due to the loss of the connection parts. The typi-
cal fiber connection loss was estimated to be 0.3 dB.
B. Reflected signals from the referencing arm
The reference light signal intensity corresponding to the
path matching condition given by Eq. ~2! may be expressed
as
ID8 ~1 !5I0a4h~X1!Rm/16, ~12!
where Rm is the reflectivity of the mirror and h(X) repre-
sents the light losses due to the GRIN lens collimator-mirror
system, which may be expressed as6
h~X !5
A
@11jX3/2#2 , ~13!
where A and j are dimensionless constants.
The intensity of the second reference signal correspond-
ing to the path length matching condition given by Eq. ~3!
can be expressed as
ID18 ~2 !53I0a6h~X2!Rm/64. ~14!
C. Peak intensities of the fringe patterns
The first fringe pattern is due to the coherent mixing
between the reflected signals from the sensing and the refer-
ence arms that satisfies Eq. ~2!. The peak intensity of this
fringe pattern is
2AID~1 !ID8 ~1 !5
I0a3
4
Ah~X1!R fRm. ~15!
The second fringe pattern is due to the coherent mixing
between the reflected signals from the sensing and the refer-
ence arms that satisfies Eq. ~3!. The peak intensity of this
fringe pattern is
2AID~2 !ID8 ~2 !5
I0a4
8
A3h~X2!R fRm. ~16!
To perform the fringe identification, the peak intensities of
both fringe patterns should be made well above the system
noise floor.license or copyright; see http://rsi.aip.org/about/rights_and_permissions
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As has been discussed in Sec. III, the strain or deforma-
tion of the optical fiber embedded in the concrete materials
can be related to the mirror displacement d(DX) by Eq. ~8!
and can then be measured. However, the strain or deforma-
tion experienced by the optical fiber may not be the same as
that of the concrete ~matrix! material, depending on the
bonding characteristics between the matrix material and the
optical fiber. If the matrix–glass fiber bond were perfect,
then the strain that the glass fiber experienced would be
equal to the strain in the surrounding matrix. However, in
practice, the fiber has a polymer protective coating, and is far
less rigid than the glass fiber and the concrete. Therefore,
even with a perfect matrix–fiber bond, the layered cross sec-
tion is expected to affect the performance of the fiber optic
extensometer. It is obvious that the strain experienced by the
optical fiber should always be less than the real strain within
the concrete.
The concrete deformation can be related to fiber defor-
mation by
DLconcrete5
DL0
k
~17!
or expressed in terms of strain
«concrete5
«fiber
k
. ~18!
Here, k is a constant depending on the bonding characteris-
tics between the fiber and host concrete. Calibration is gen-
erally performed to determine the value of k for different
bonding conditions. It will be shown in the next section that
value of k will be around 0.758 for the case where fiber is
bonded on the surface of the specimen using epoxy, and
0.556 for fiber embedded within concrete specimen.
V. EXPERIMENTS AND RESULTS
Experiments were conducted using the setup shown in
Fig. 1. The light source used was a commercial LED with a
center wavelength of 1300 nm and a spectral width of about
30 nm. The mirror in the reference arm was mounted on a
FIG. 3. Concrete specimen for compression test with surface mounted fiber
gauge.Downloaded 07 Mar 2012 to 158.132.161.52. Redistribution subject to AIP high-resolution positioning system with step resolution of
0.5 mm, and the accuracy and repeatability in identifying the
central fringe of the white light interferometric pattern was
estimated as less than 6 one fringe, equivalent to 0.65 mm
for the 1300 nm source.7 The whole system is computerized
and can perform automated and repeated measurement of
optical path-length variation.
A number of specimens were prepared with sensing fi-
bers, either embedded within the structure during fabrication
of the concrete or attached to the surface of the specimen
after by way of adherents. Specimen mix proportions by
weight of the concrete were 1:0.5:1.767:1.593 cement: wa-
ter: sand: aggregate. Type No. 600 or No. 400 cement and
maximum coarse aggregate size passing 9.5 mm and retained
on a No. 4 sieve were used. Specimens were cast in 100
31003300 (mm) steel moulds. The specimens were cured
in a curing room for about four weeks before testing. The
specimens made are of three types. The first specimen was
designed for a compression test with 105.6 mm sensing fiber
attached to the cleaned surface of the concrete specimen by
epoxy as shown in Fig. 3. A conventional extensometer was
set along side with the sensing fiber for comparison and cali-
bration ~Fig. 4!. The second specimen was designed for a
splitting tension test and again with a surface mounted sens-
ing fiber of 103.8 mm ~Figs. 5 and 6!. The third type was
designed for a compression test with an embedded fiber sen-
sor as illustrated in Fig. 7. For this type, four specimens were
prepared, the first two ~No. 1 and No. 2 specimens! were
made with No. 400 cement and the other two ~No. 3 and No.
4! were with No. 600 cement. The fiber gauge lengths em-
bedded within the four specimens were, respectively, 104.32,
102.51, 103.64, and 106.12 mm. When preparing the speci-
mens with embedded sensors, the sensing fiber with polymer
protective coating was first mounted at the center of steel
FIG. 4. Results of compression test.
FIG. 5. Concrete specimen for splitting tension test with surface mounted
fiber gauge.license or copyright; see http://rsi.aip.org/about/rights_and_permissions
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FIG. 7. Installation of the sensing fiber at the center of the concrete mould
with the aid of a thin string.
FIG. 8. Results of compression test with embedded fiber optic extensometer
~lower strength concrete specimen with type No. 400 cement!.Downloaded 07 Mar 2012 to 158.132.161.52. Redistribution subject to AIP mould with the aid of a thin string which fixed at the center
of mould shells (1003100 mm) as shown in Fig. 7. The
concrete mixing material was then put into the mould. For
each of the aforementioned specimens, a fiber connector was
installed and polished at the ends of the extensometer pigtail
fiber cable, in order to lead in the light source and lead out
the reflective optical signals.
The results for compression and splitting tension tests
are plotted, respectively, in Figs. 4 and 6. The measurement
results from the conventional extensometer were fitted to that
of the optical sensor by using a concrete to fiber strain trans-
fer coefficient of k50.758. The very close fits of both com-
pression and splitting tension tests by the same strain transfer
coefficient suggest that the coefficients for the surface
mounted sensors are 0.758. For a compression test, the ep-
oxy glued fiber optic extensometer debonded from the speci-
men surface when the deformation of concrete was beyond
6000 microstrains. For the splitting tension test, debonding
did not occur until the applied strain was over 8000 micros-
trains.
The test results for the specimens with embedded sen-
sors are plotted in Figs. 8 and 9, respectively, for low
strength specimen ~using No. 400 cement! and higher
strength specimen ~No. 600 cement!. The results from the
conventional gauge are the average of readings from two
extensometers mounted in parallel to the embedded fiber on
opposite sides of the specimens. These results were scaled to
fit the fiber sensors readings by using a strain transfer coef-
ficient 0.556. The results were fitted very well with the same
FIG. 9. Results of compression test with embedded fiber optic extensometer
~higher strength concrete specimen with type No. 600 cement!.license or copyright; see http://rsi.aip.org/about/rights_and_permissions
2474 Rev. Sci. Instrum., Vol. 73, No. 6, June 2002 Yuan et al.strain transfer coefficient for all four specimens, suggesting
that the transfer coefficient for the embedded sensors was
0.556.
It should be noted that, for practical constructing con-
crete structures, a useful preembedded concrete bar sensor
technique has been developed for the fiber optic
extensometer.8 The extensometer instrument can be used to
measure tension, compression, to detect early cracks and to
monitor the development of the micro cracks in civil struc-
tures.
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